Correlations of conserved number mixed susceptibilities in a hadron
  resonance gas model by Mishra, D. K. et al.
ar
X
iv
:1
60
6.
06
53
8v
2 
 [h
ep
-p
h]
  2
2 N
ov
 20
16
Correlations of conserved number mixed susceptibilities in a hadron resonance gas
model
D. K. Mishra,1, ∗ P. K. Netrakanti,1, † and Bedangadas Mohanty2, ‡
1Nuclear Physics Division, Bhabha Atomic Research Center, Mumbai 400085, India
2National Institute of Science Education and Research, Jatni 752050, India
The ratios of off-diagonal and diagonal susceptibilities of conserved charges are studied using
a hadron resonance gas (HRG) model with an emphasis towards providing a proper baseline for
comparison to the corresponding future experimental measurements. We have studied the effect of
kinematic acceptances, transverse momentum (pT ) and pseudorapidity (η), and different charged
states on the ratios of the calculated susceptibilities. We find that the effect of pT and η acceptance
on the ratio of the susceptibilities are small relative to their dependence on the beam energy or
the charged states of the used particles. We also present a HRG based calculation for various
combinations of cumulant ratios of protons and pions, recently proposed as robust observables
(with no theoretical uncertainties) for critical point search in the experiments. These results which
increase as a function of collision energy will provide a better baseline for non-critical point physics
compared to Poisson expectation.
PACS numbers: 25.75.Gz,12.38.Mh,21.65.Qr,25.75.-q,25.75.Nq
I. INTRODUCTION
In recent years, beam energy scan (BES) program car-
ried out at Relativistic Heavy-Ion Collider (RHIC) has
drawn much attention with an aim to explore the quan-
tum chromodynamics (QCD) phase diagram at non-zero
temperature (T ) and baryon chemical potential (µB) [1–
3]. One of the key observable is related to the event-by-
event distribution of conserved charge numbers such as:
net-baryon, net-electric charge and net-strangeness [4–6].
Current experiments at RHIC have reported the mea-
surements for various order moments of net-proton and
net-charge event-by-event distributions using the BES
phase-I data [7–10]. From the net-proton measurement,
deviations are observed for
√
s
NN
≤ 27 GeV for ratios of
higher order cumulants compared to expectation from a
Hadron Resonance Gas (HRG) model and Skellam statis-
tics [8]. However, from the experimental side, there is no
conclusive evidence about the location of the QCD crit-
ical end point (CEP). This has prompted to have high
statistics BES-II program scheduled for 2018-19 with the
focus on taking data at lower beam energies (below 39
GeV). So far, the reported experimental measurements
are based on higher moments of either net-proton or
net-charge multiplicity distribution, which are related to
baryon number or electric charge susceptibilities, respec-
tively [7, 11].
Probes of phase structure of QCD should also in-
clude correlations among different conserved charges [12].
They are not only expected to vary in some character-
istic manner between low and high temperature phases
of QCD but also provide insight into applicability of the
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HRG model. It has been suggested that, the ratio of
strange to non-strange susceptibilities calculated in lat-
tice QCD can give insight about Quark Gluon Plasma
(QGP) phase [13]. The correlation between baryon num-
ber (B) and electric charge (Q) (χBQ) shows a varia-
tion with the temperature which are correlated with the
changes in relevant degrees of freedom [12]. At lower
temperature χBQ is dominated by contributions from
protons and anti-protons, whereas in the high temper-
ature limit of (2+1) flavor QCD, their values are due
to quark degrees of freedom. Similarly, correlations of
baryons with strangeness (χBS) and electric charge with
strangeness (χQS) are sensitive to the strangeness degrees
of freedom of the system [14, 15]. At high temperature
limit, in which the basic degrees of freedom are quarks
and gluons, the strangeness is carried by the s and s¯
quarks that later carry the baryon number in strict pro-
portion to their strangeness number (B = − 13S ) which
makes the B and S strongly correlated [14]. On the other
hand, in a hadron gas the strangeness is mostly carried by
kaons with B ≈ 0, which makes the correlation between
strangeness and baryon number very small. Hence, ob-
servables such as χQS , χBQ and χBS give information
about the QCD phase structure [12].
Further, combinations of diagonal and off-diagonal
quark number susceptibilities can be used to obtain
the fluctuations of conserved charges [16–18]. Diago-
nal susceptibilities measure the quark number density to
changes in T and µB. At high temperature region di-
agonal susceptibilities show large values and expected to
approach the ideal gas limit [18]. Whereas in the low
temperature region, the quarks are confined, the diag-
onal susceptibilities are expected to have small values.
The off-diagonal susceptibilities in turn can be used to
explore the degree of correlation between different charge
and baryon numbers that carry different flavors [16–18].
Using the ratio of susceptibilities, χBS/χS and χQS/χS,
it has been observed that, above critical temperature
2(Tc), the flavor carrying sector of QCD is consistent with
deconfined plasma of weakly interacting quarks and anti-
quarks. Above 1.5Tc, the flavor carrying degrees of free-
dom are quark-like quasi-particles. Below Tc the behav-
ior of the above susceptibility ratios is consistent with
that of hadron resonance gas [15].
In addition, a landmark point in the QCD phase dia-
gram is the CEP [19, 20]. As one approaches the CEP in
the phase diagram, there will be large fluctuations in the
event-by-event produced particle numbers [21]. These
fluctuations are quantified by measuring various order
moments of the event-by-event particle number distri-
bution. These moments are related to some power of
correlation length (ξ) of the system [19, 22–24]. Higher
moments of the distributions are related to the higher
power of ξ which makes them more sensitive to CEP ef-
fects [5, 25]. Specifically it has been recently suggested to
look for mixed pion-proton cumulants as a signature for
CEP [21]. The paper suggests to construct five specific
mixed pion-proton cumulants from which when non-CEP
contributions are subtracted will yield a value of unity if
the system experiences critical phenomena. Such ratios
have no theoretical uncertainties arising from uncertainty
in the values of the QCD based parameters. These ra-
tios are claimed to provide strong evidence needed for
the discovery of the QCD critical point.
Keeping in mind above aspects and the importance
of having a proper baseline for the experimental mea-
sures, we discuss in the present paper, mixed suscep-
tibilities (between electric charge, baryon number, and
strangeness) and various order pion-proton cumulants
within the frame work of a HRG model [26–28]. The
calculations presented here also keeps in mind the actual
experimental situation in terms of acceptances (in mo-
mentum and rapidity) and measurable quantities [29, 30].
The paper is organized as follows. In the following sec-
tion, we discuss the HRG model used in this study. In
Section III, the results for various mixed cumulants are
presented for different kinematic acceptance and charge
states. In Section IV, we present the proper baseline for
critical fluctuation. Finally in Section V, we summarize
our findings and mention about the implications of this
work in current experimental measurements in high en-
ergy heavy-ion collisions.
II. MIXED SUSCEPTIBILITIES IN HADRON
RESONANCE GAS MODEL
The partition function (Z) in the HRG model include
all the degrees of freedom of confined, strongly interact-
ing matter and implicitly contains all the interactions
that result in resonance formation [31]. The logarithm of
the partition function is given by
lnZ(T, µ, V ) =
∑
M
lnZi(T, µi, V ) +
∑
B
lnZi(T, µi, V )
(1)
where
lnZi(T, µi, V ) = ±
V gi
2pi2
∫
d3p ln
{
1± exp[(µi − E)/T ]
}
,
(2)
T is the temperature, V is the volume of the system, µi is
the chemical potential and gi is the degeneracy factor of
the ith particle. The total chemical potential µi = BiµB
+ QiµQ + SiµS , where Bi, Qi and Si are the baryon,
electric charge and strangeness number of the ith particle,
with corresponding chemical potentials µB, µQ and µS ,
respectively. The +ve and −ve signs are for baryons
and mesons respectively. The thermodynamic pressure
(P ) can then be obtained from the logarithm of partition
function in the limit of large volume as:
P (T, µi, V ) =
T
V
lnZi = ±
Tgi
2pi2
∫
d3k ln
{
1± exp(µi − E)/T
}
(3)
In a static fireball, a particle of mass m with pT , η
and φ as the transverse momentum, pseudo-rapidity
and azimuthal angle, respectively, the volume element
(d3p) and energy (E) of the particle can be written as
d3p = pTmT coshηdpTdηdφ and E = mT coshη, where
mT is the transverse mass =
√
m2 + p2T . The exper-
imental acceptances can be applied by considering the
corresponding ranges in pT , η and φ [29]. The fluctu-
ations of the conserved numbers are obtained from the
derivative of the thermodynamic pressure with respect
to the corresponding chemical potentials µB , µQ or µS .
The n-th order generalized susceptibilities (χx), where x
represents baryon, electric charge or strangeness indices,
can be expressed as;
χnx =
dn[P (T, µ)/T 4]
d(µx/T )n
(4)
For mesons χx can be expressed as
χ(n)x,meson =
Xn
V T 3
∫
d3p
∞∑
k=0
(k + 1)n−1
× exp
{−(k + 1)E
T
}
exp
{
(k + 1)µ
T
}
. (5)
and for baryons,
χ
(n)
x,baryon =
Xn
V T 3
∫
d3p
∞∑
k=0
(−1)k(k + 1)n−1
× exp
{−(k + 1)E
T
}
exp
{
(k + 1)µ
T
}
, (6)
where X represents either Bi, Qi or Si of the i-th par-
ticle. The total generalized susceptibilities will be the
sum of susceptibility of mesons and baryons as χnx =∑
χnx,mesons +
∑
χnx,baryons. Further, the mixed suscep-
tibilities of the correlated conserved charges can be ob-
tained by taking the derivative of the pressure with re-
3spect to different chemical potentials for conserved quan-
tities X and Y ,
χ(n,m)xy =
dn+m[P (T, µ)/T 4]
d(µx/T )nd(µy/T )m
(7)
where m and n correspond to the different order of
derivatives, x and y are baryon–electric charge, baryon–
strangeness or electric charge–strangeness mixed indices
and X,Y are combinations of either B,Q or S. Hence,
Eq. 5 and 6 can be written as:
χ(n,m)xy,meson =
XnY m
V T 3
∫
d3p
∞∑
k=0
(k + 1)n−1(k + 1)m−1
× exp
{−(k + 1)E
T
}
exp
{
(k + 1)µ
T
}
, (8)
and
χ
(n,m)
xy,baryon =
XnY m
V T 3
∫
d3p
∞∑
k=0
(−1)k(k + 1)n−1(k + 1)m−1
× exp
{−(k + 1)E
T
}
exp
{
(k + 1)µ
T
}
. (9)
Using Eq. 8 and 9, one can calculate the conserved
charge correlations in the HRGmodel. The freeze-out pa-
rameters used in the HRG are extracted from a statistical
model description of particle yields. The parametrization
of µB and T as a function collision energies (
√
s
NN
) are
given in [27, 31]. Other effects like collective flow and
resonances on susceptibilities are discussed in Ref. [29].
III. ACCEPTANCE EFFECT ON CORRELATED
SUSCEPTIBILITIES
The phase structure of QCD at finite temperature and
baryon chemical potential can be probed using correla-
tion among different conserved charges. There are sig-
nificant changes of these correlations in the crossover
region between the low and high temperature phases
of QCD [12]. As one goes from low to high tempera-
ture phase, it is expected that there is change in cor-
relations between baryon number and electric charge
(χBQ), between baryon number and strangeness num-
ber (χBS), also between strangeness number and electric
charge (χQS). In the following subsections, we discuss
the effect of kinematic acceptances in the various mixed
susceptibilities of the conserved charges. In the present
study we have considered χ11BQ/χ
2
B, χ
11
BQ/χ
2
Q, χ
11
QS/χ
2
Q,
χ11QS/χ
2
S , χ
11
BS/χ
2
B and χ
11
BS/χ
2
S, ratios. The numerator in
the first two ratios (χ11BQ/χ
2
B and χ
11
BQ/χ
2
Q) receive con-
tributions only from charged baryons and anti-baryons
(i.e. particles starting from protons to all higher mass
charged baryons), where as the denominator receives con-
tributions from all baryons or all charge particles. In
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FIG. 1: Ratios of diagonal susceptibility to second order sus-
ceptibility (χ11xy/χ
2
x, y ) as a function of
√
s
NN
within |η| ≤
0.5 from the HRG model, where x and y stand for either B,
Q or S. Panels (a) and (b) shows the diagonal susceptibility
ratios for charged baryons. Panels (c) and (d) shows the di-
agonal susceptibility ratios for charged particles with at least
one strange quark. Panels (e) and (f) shows the diagonal sus-
ceptibility ratios for baryons with strange quark. The ratios
are also compared for various pT acceptance ranges.
case of other two ratios (χ11QS/χ
2
Q and χ
11
QS/χ
2
S), the nu-
merators receive contributions from charged strange and
anti-strange particles, with kaon being the first charged
strange particle, where as denominators receive contribu-
tions from all charged or strange particles, respectively.
Similarly, in case of ratios (χ11BS/χ
2
B and χ
11
BS/χ
2
S), the
numerators receive contributions from strange baryons
(anti-baryons), with particle starting from Λ0 and higher
masses of strange baryons, where as denominators receive
contributions from all baryons or strange particles. It is
to be noted that, in real experimental situation, it may
be difficult to measure the strange baryons on an event-
by-event basis and calculate their cumulants for studying
the fluctuations. Particularly, at lower collision energies,
where the strange baryon production is very small, the
above observable will be difficult to measure experimen-
tally.
4A. Effect of pT acceptance
Figure 1 shows the variation of χ11BQ/χ
2
B, χ
11
BQ/χ
2
Q,
χ11QS/χ
2
Q, χ
11
QS/χ
2
S, χ
11
BS/χ
2
B, and χ
11
BS/χ
2
S ratios as a
function of
√
s
NN
for different pT acceptances. There is
small pT dependence of the above ratios. However, there
is a strong energy dependence for χ11BQ/χ
2
Q, χ
11
QS/χ
2
Q, and
χ11BS/χ
2
B ratios. Figure 2 shows the corresponding ra-
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FIG. 2: Ratios of off-diagonal susceptibility to second order
susceptibility (χ13xy/χ
2
x, y ) as a function of
√
s
NN
within |η| ≤
0.5 from HRG, where x and y stand for either B, Q or S. Pan-
els (a) and (b) shows the off-diagonal susceptibility ratios for
charged baryons. Panels (c) and (d) shows the off-diagonal
susceptibility ratios for charged particles with at least one
strange quark. Panels (e) and (f) shows the off-diagonal sus-
ceptibility ratios for baryons with strange quark. The ratios
are also compared for various pT acceptance ranges.
tios for off-diagonal susceptibilities (χ13QS/χ
2
Q, χ
13
BQ/χ
2
Q,
χ13BQ/χ
2
B, χ
13
QS/χ
2
S, χ
13
BS/χ
2
B, and χ
13
BS/χ
2
S) as a function
of
√
s
NN
. All the ratios show stronger energy dependence
when compared with the previous ratios (χ11/χ2). There
is a visibly pT dependence on χ
13
BQ/χ
2
Q, χ
13
QS/χ
2
Q, and
χ13BS/χ
2
S ratios for all collision energies. The χ
13
BQ/χ
2
B,
χ13QS/χ
2
S , and χ
13
BS/χ
2
B are least affected by different pT
acceptances.
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FIG. 3: Ratios of diagonal susceptibility to second order sus-
ceptibility (χ11xy/χ
2
x, y) as a function of
√
s
NN
within 0.2 ≤ pT
GeV/c ≤ 2.0 from the HRG model, where x and y stand for
either B, Q or S. Panels (a) and (b) shows the diagonal
susceptibility ratios for charged baryons. Panels (c) and (d)
shows the diagonal susceptibility ratios for charged particles
with at least one strange quark. Panels (e) and (f) shows the
diagonal susceptibility ratios for baryons with strange quark.
The ratios are also compared for various η acceptance ranges.
B. Effect of η acceptance
Figure 3 shows the variation of χ11BQ/χ
2
B, χ
11
BQ/χ
2
Q,
χ11QS/χ
2
Q, χ
11
QS/χ
2
S , χ
11
BS/χ
2
B, and χ
11
BS/χ
2
S ratios as a
function of
√
s
NN
for different ranges of η acceptances.
The pT range for all the particles are considered within
0.2 – 2.0 GeV/c. Similar to pT dependence, there is small
η dependence of the above ratios. However, the η depen-
dence is more visible in case of χ11QS/χ
2
S and χ
11
BS/χ
2
S
ratios with compared to other three ratios. The η depen-
dence is even higher in case of higher order mixed suscep-
tibility ratios (χ13/χ2) as a function of collision energies,
which are shown in Fig. 4. There is no effect of η ac-
ceptances on the χ13BQ/χ
2
B ratios. It is to be noted that,
the baryon-charge correlations (χ13BQ/χ
2
B) in Figs. 2 and
4 show non-monotonic behavior as a function of
√
s
NN
could be due to baryon to meson dominated freeze-out
of the system [32]. The different energy dependence be-
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FIG. 4: Ratios of off-diagonal susceptibility to second order
susceptibility (χ13xy/χ
2
x, y) as a function of
√
s
NN
within 0.2
≤ pT GeV/c ≤ 2.0 from the HRG model, where x and y
stand for either B, Q or S. Panels (a) and (b) shows the off-
diagonal susceptibility ratios for charged baryons. Panels (c)
and (d) shows the off-diagonal susceptibility ratios for charged
particles with at least one strange quark. Panels (e) and (f)
shows the off-diagonal susceptibility ratios for baryons with
strange quark. The ratios are also compared for various η
acceptance ranges.
havior between χ11BQ/χ
2
B and χ
13
BQ/χ
2
B is primarily due to
contribution from resonances with higher electric charge
(in particular ∆++).
For completeness, we have also studied the ratios of
χ31/χ2 as a function of collision energies. Figure 5 shows
the
√
s
NN
dependence of χ31QS/χ
2
Q, χ
31
BQ/χ
2
Q, χ
31
BQ/χ
2
B,
χ31QS/χ
2
S , χ
31
BS/χ
2
B, and χ
31
BS/χ
2
S for two different pT and
η acceptances. These susceptibility ratios are different
from the χ13/χ2 ratios since we take the third derivative
of the first conserved quantity. The effect will be more if
the first considered conserved number is electric charge
or strangeness.
C. Effect of different conserved charged states
Experimentally it is difficult to measure all the baryons
or strange particles produced in the collisions. Hence, we
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FIG. 5: Ratios of off-diagonal susceptibility to second order
susceptibility (χ31xy/χ
2
x, y) as a function of
√
s
NN
for full pT
and |η| acceptance, and within 0.2 ≤ pT GeV/c ≤ 2.0 with
|η| ≤ 0.5 from the HRG model, where x and y stand for ei-
ther B, Q or S. Panels (a) and (b) shows the off-diagonal
susceptibility ratios for charged baryons. Panels (c) and (d)
shows the off-diagonal susceptibility ratios for charged parti-
cles with at least one strange quark. Panels (e) and (f) shows
the off-diagonal susceptibility ratios for baryons with strange
quark.
have not considered the correlated susceptibilities related
to strange baryons (χBS). Further, in the denominator
we need to take the susceptibilities of χp and χK for pro-
tons (anti-protons) and kaons (anti-kaons), respectively,
which may act as a proxy for baryons and strange parti-
cles. Figure 6 shows the variation of χ11BQ/χ
2
p, χ
13
BQ/χ
2
p,
χ11QS/χ
2
K and χ
13
QS/χ
2
K ratios as a function of
√
s
NN
for
various charge states. In case of baryon charge corre-
lations (χBQ) only charged baryons (anti-baryons) con-
tribute, starting from proton to higher mass charged
baryons. For each of the cases, the χBQ are compared
with the inclusion of higher charge states. There is sig-
nificant difference in χ11BQ/χ
2
p and χ
13
BQ/χ
2
p after inclu-
sion of higher charge states like ∆++. Since all the
baryons have baryon number 1, only the baryons with
higher electric charge number contribute to the increase
of baryon charge correlations. Similarly, for strange elec-
tric charge correlations (χQS) only charged strange par-
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FIG. 6: The variation of χ11,13BQ /χ
2
p and χ
11,13
QS /χ
2
K as a func-
tion of
√
s
NN
within 0.2 ≤ pT (GeV/c) ≤ 2.0 and |η| ≤ 0.5.
Panels (a) and (b) shows the susceptibility ratios for charged
baryon and panels (c) and (d) shows the susceptibility ratios
charged particles with strangeness content. Also shown are
the comparison of effect of inclusion of particles with higher
charge or strangeness states to the susceptibility ratios. The
proton and kaon susceptibilities in the denominator are from
the primordial production.
ticles contribute starting from kaon and higher mass
charged strange particles. There is a strong dependence
of χ11QS/χ
2
K and χ
13
QS/χ
2
K on the inclusion of higher order
strange charged states.
The measured proton (anti-proton) and kaon (anti-
kaon) have contributions from primordial production as
well as from resonance decay. We have studied the reso-
nance decay effect on the mixed susceptibility ratios by
taking the resonance contribution in the denominator (χp
and χK). The resonance decay contributions to the pro-
ton and kaon susceptibilities are estimated as discussed
in [33, 34]. Figure 7 shows the collision energy depen-
dence of χ11BQ/χ
2
p, χ
13
BQ/χ
2
p, χ
11
QS/χ
2
K and χ
13
QS/χ
2
K ratios
for different charged states. The denominators χ2p and
χ2K have contributions from primordial as well as reso-
nance decay. The numerators have contributions from
primordial particles and without decay of resonances.
The χ11BQ/χ
2
p in Fig. 6 and Fig. 7 show different energy
dependence because of the resonance decay contributions
to the protons in the denominator for Fig. 7. Further, the
baryon-charge correlation χ11BQ/χ
2
p and χ
13
BQ/χ
2
p (case all)
in Fig. 6 show different energy dependence compared to
the χ11BQ/χ
2
B in Fig. 3 and χ
13
BQ/χ
2
B in Fig. 4. This dif-
ference in the ratios arise due to the difference in χ2 for
protons and baryons. The χ2 of the baryons is always
higher than the χ2 of protons and also has an energy
dependence.
5 10 2030 100 200
2 p,
de
c.
χ/
11 BQχ 0.5
1.0
1.5
  States
p
ΣΛp
∆ΣΛp
∆p
All
(a)
5 10 2030 100 200
2 p,
de
c.
χ/
13 BQχ
0.0
0.5
1.0
1.5
2.0
2.5
3.0 (b)
 (GeV)NNs
5 10 20 100 200
2 K,
de
c.
χ/
11 QSχ
0.5
1.0
1.5
2.0 (c)
 (GeV)NNs
5 10 20 100 200
2 K,
de
c.
χ/
13 QSχ
1
2
3
4
5
 States
K
KK*
ΣKK*
ΞΣKK*
ΩΞΣKK*
All
(d)
FIG. 7: The variation of χ11,13BQ /χ
2
p and χ
11,13
QS /χ
2
K as a func-
tion of
√
s
NN
within 0.2 ≤ pT (GeV/c) ≤ 2.0 and |η| ≤ 0.5.
Panels (a) and (b) shows the susceptibility ratios for charged
baryon and panels (c) and (d) shows the susceptibility ratios
charged particles with strangeness content. Also shown are
the comparison of effect of inclusion of particles with higher
charge or strangeness states to the susceptibility ratios. The
proton and kaon susceptibilities in the denominator are from
the primordial as well as resonance decay contributions.
IV. BASELINE FOR CRITICAL
FLUCTUATIONS
In order to locate the critical point in the QCD phase
diagram, one may compare the experimentally measured
cumulants of multiplicity distributions with the theoreti-
cal model predictions. These theoretical models, without
any phase transition (non-CEP), may provide a baseline
contribution to the measured cumulants from data. As
proposed in [21], there are different combinations of cu-
mulants of protons and pions which are independent of
QCD based coupling parameters. Some of such cumu-
lant ratios are : (κ3pκ
3/2
2pi )/(κ3piκ
3/2
2p ), (κ4pκ
2
2pi)/(κ4piκ
2
2p),
(κ34pκ
4
3pi)/(κ
3
4piκ
4
3p), κ
2
2p2pi/(κ4piκ4p) and κ
3
2p1pi/(κ
2
3pκ3pi).
Where, κnx are the cumulants of different order with
n = 1, 2, 3, 4 and x being the proton or pion. In case
of non-interacting particles in the classical Boltzmann
regime, in the absence of critical fluctuations, the fluctua-
tions of particle number follow Poisson statistics. Hence,
after subtracting the Poisson contribution from the above
cumulant ratios, one can predict the contributions of crit-
ical fluctuations in the cumulant ratios. These subtracted
cumulant ratios will be at 1 in the proximity of the critical
point. However, keeping in mind that the experimental
measurements are performed within a finite kinematic
acceptance and can accept only a fraction of particles,
the HRG model based baseline will be a better substi-
tute compared to Poisson expectations. We have esti-
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FIG. 8: Various cumulant ratios of proton and pion as a func-
tions of
√
s
NN
within 0.2 ≤ pT GeV/c ≤ 2.0 and |η| ≤ 0.5.
The upper panel (a) shows for the primordial proton and pion
production, the lower panel (b) shows the proton and pion
production from primordial and resonance decay contribu-
tions.
mated the baseline for the above cumulant ratios using
the HRG model, which will give the thermal contribu-
tion to the cumulant ratios. The first two ratios are the
ratios of the skewness and kurtosis of protons and pions,
where skewness = κ3/κ
3/2
2 and kurtosis = κ4/κ
2
2. The
last two ratios involve mixed cumulants of protons and
pions. In the HRG model, there is no interaction between
the particles, hence the contribution of mixed cumulants
will be zero. Figure 8 shows the first three ratios, defined
above, as a function
√
s
NN
. The upper panel of Fig. 8
shows the different cumulant ratios by taking primordial
pions and protons, the lower panel show the cumulant ra-
tios of protons and pions which have contributions from
both primordial as well as resonance decay. These ratios
are calculated using the HRG model should and can be
considered as baseline instead of Poisson contribution as
baseline.
V. SUMMARY
In summary, keeping in mind the importance of mixed
susceptibilities and pion-proton cumulants in unraveling
the phase structure of QCD, we have provided the varia-
tion of these observables as a function of colliding beam
energy within the ambit of a HRG model. The results
presented in this paper will provide the required baseline
for the corresponding measurements in the experiments.
We have studied the effect of experimental acceptance
on the ratios of the mixed susceptibilities using a hadron
resonance gas model. We have considered χ11BQ/χ
2
B,
χ11BQ/χ
2
Q, χ
11
QS/χ
2
Q, χ
11
QS/χ
2
S, χ
11
BS/χ
2
B and χ
11
BS/χ
2
S ra-
tios, which have contributions from charged baryons
(anti-baryons), charged strange or baryon strange par-
ticles. There is a small dependence on pT and η for the
above susceptibility ratios. However, there is a strong en-
ergy dependence for all the ratios. These susceptibility
ratios are very sensitive to the different charge states. In
a real experimental situation, it is difficult to measure the
strange baryons (Λ0 and higher masses strange baryons)
on an event-by-event basis and calculate their cumulants
for fluctuations, specially at lower beam energies. Instead
we have concentrated on measurable ratios like χ11BQ/χ
2
p,
χ13BQ/χ
2
p, χ
11
QS/χ
2
K and χ
13
QS/χ
2
K and presented the HRG
expectations for primordial and resonance decay contri-
butions.
We have also provided a HRG based calculation of re-
alistic baseline (non-CEP expectation) for a set of new
observables recently proposed for critical fluctuations us-
ing the different combinations of cumulant ratios of pro-
tons and pions [21]. The experimentally measured values
of these ratios, after subtraction of the non-CEP contri-
butions, are expected to be at unity in presence of CEP.
These cumulant ratios of proton and pion from the HRG
model calculations are observed to increase as a func-
tion of
√
s
NN
. These ratios calculated using the HRG
model should be used as baseline instead of Poisson ex-
pectation for the interpretation of data related to QCD
critical point.
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